Effective thermal boundary resistance from thermal decouping of magnons and phonons in
SrRuQs thin films
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We use the time-resolved magneto-optical Kerr effect (TRMOKE) tosmesthe local temperature and heat
flow dynamics in ferromagnetic SrRyGhin films. After heating by a pump pulse, the film temperature decays
exponentially, indicating that the heat flow out of the film is limited by the film/#als interface. We show
that this behavior is consistent with an effective boundary resistasaétirg from disequilibrium between the
spin and phonon temperatures in the film.

PACS numbers: 76.50.+g, 78.47.-p, 75.30.-m

Propagation of heat in magnetic nanostructures is a subn magnets in which strong spin-orbit coupling gives rise to
ject of importance for both fundamental and practical reaso large Kerr effects.

Regarding applications, devices based on spin-curreqiéor | this work we use TRMOKE to study the dynamics of
dissipate significant amounts of energy in the process of flipheat transport in ferromagnetic thin films of SrIRu(SRO).
ping spin$?, and successful operation requires that energ\sRO s ideal for studying heat transport in nanoscale ferro-
escape from the structure in the form of heat. From a funmagnets for several reasons. First, high-quality, eptdikins
damental point of view, the factors that limit the flow of heat with thicknesses ranging from 2-200 nm can be grown on
out of magnetic nanostructures are not well understood. FosTiO, substrates by pulsed-laser deposition. Moreover, SRO
example, macroscopic (Fourier) modeling of heat flow is nohas an unusually large Kerr coefficient that allows measure-
applicable when sample dimensions are smaller than phonagent of local changes in temperature of a few Kelvins in films
or other quasiparticle mean-free-paths. Heat propagasion that are only 2 nm thick Finally, as we discuss further below,
more complex in ferromagnetic nanostructures because theghe relevance of the magnetic DOF in thermal transport is ac-
mal energy is shared over spin, electron, and phonon degreggntuated in SRO compared with the more widely studied 3d
of freedom (DOF) The net rate of heat flow depends on th¢err0magnets such as Fe, Ni, and Co.

thermal diffusivity of each DQF, the rate at which energy is Fig. 1a shows the TRMOKE signal observed in an SRO
shargd betvyeen them, and finally, the extent to which eacﬁlm of thickness 200 nm, at several temperatur&s, be-
DOF is confined to the nanostructure. low the Curie temperature of 150 K. The curves sha®

A deeper understanding of heat flow in magnetic nanosas function of timet, after absorption of the pump pulse.
tructures requires experiments that explore the dynanfics AAO k (¢) is proportional to the-component oM because the
local temperature change over a wide range of parameters, fprobe beam is at near normal incidence. The 200 GHz oscil-
example, bath temperature and sample dimensions. Optickltions observed whef < 80 K andt < 10 ps correspond to
techniques such as as thermal reflectometry have proven usgamped precession of the magnetizatio¥, These oscilla-
ful in measuring the local temperature in nanostructurgs. D tions are stimulated by a sudden change in the directioneof th
namics are probed effectively in time-resolved versiontisf  magnetic easy-axis, caused by absorption of the pump beam.
technique, in which a focused laser pulse heats the samghle aiThe fact thatA© k (¢) approaches a nonzero value when the
a second time-delayed pulse probes the temperature via-the ascillations have died down indicates tiviithas spiralled into
sociated variation in optical reflectivity?. One drawback of alignment with a new local easy-axis direction. Below we
time-resolved thermal reflectometry (TRR) is thatitis iati ~ show that the value thak© x reaches when the oscillations
to structures whose dimensioh, is greater than the penetra- have died away provides a calibrated measure of the increase
tion depth,\,, of the laser light. IfL <« A\, most of the pump in localT" induced by absorption of the pump pulse.
light is absorbed in surrounding materials rather than 8ano  |n Fig. 1b we plotA© at a fixed time delay of 25 ps as
tructure, which leads to Changes in reﬂeCtiVity not asgedia a function OfT, for three different values of the pump laser
with heating of the sample. intensity. (Shown in the inset to Fig. 1b is tiiedependence

When the structures of interest are magnetic, the timeOf the equilibrium Kerr rotation© ., for the same 200 nm
resolved magneto-optical Kerr effect (TRMOKE) offers po- SRO sample). The peak iN© « (") near the Curie tempera-
tential advantages over TRR. This measurement uses the teft'® has been reported previously in a survey of TRMOKE in
perature dependence of the Kerr rotatidk®) i, rather than a variety of perovskite and spinel ferromagﬁela this work
reflectivity, as the thermometer. The most significant advanwe focus on a new feature, which is the increas& 6fx ob-
tage relative to TRR is thah© arises only from the sam- served ad” — 0.
ple under study, even whelh < A,. A second advantage is  If A© fort > 10 psis caused by local heating, we can use
that TRMOKE can be a more sensitive probe of temperatur® x (T') to calibrate the conversion from the TRMOKE signal
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FIG. 1: (a) Change in Kerr rotation as a function of time delay fol- -I-(5/2) [1 04 K5/2]
lowing pulsed photoexcitation, for € 80K. (b) Measured change

in Kerr rotation at £25 ps for pump fluences of 4.9, 1.6, and 0.5 . )
pJ Jem?. Inset: O x (T)) FIG. 2: (a) Unshifted measurements of local temperatiiyeshortly

after laser excitation as a function of pump laser intensity. Lines
represent different cryostat temperatures, giverTpgt U= 0. (b)

. Data from (a) shifted along thé-axis to lie along a common curve.
to the local temperaturé;(t). To test whether a local heating ¢) Internal energy vs. T. Data shov#&/? dependence below 75 K.

mechanism is consistent with the TRMOKE data, we considepack Jine represents a fit 5/
the expected scaling ah© x (¢) with bath temperatureT’,
and energy deposited by the laser puiBe After & has been

converted to heatl} is determined by the relation, dependence of the collapsed curve. A powerful feature ef thi

scaling approach is that we can determine the internal gnerg
_ functionU(T") from the magnitudes of the shifts required for
®=U(n) - U(D), (1) the data céllgpse (shown as horizontal arrows in Fig. 2a¢. Th
internal energy as a function @f determined by this proce-
dure is shown in Fig. 2b. When plotted as a functio6f>
the internal energy appears as a straight line with zere-inte
cept forT < 75 K.
T)(®,T) = U H(® + U(T)). ) The observation thal/(T') is proportional toT/2 (cor-
responding to specific heat « 7°/?) indicates that in
According to (2), plots ofl;(®,T) at fixedT will fall on a SRO thermal energy is stored predominantly in magnons for
single curvel’ ~1(®), if shifted along the abscissa by(T). T < 75 K. This contrasts with most ferromagnets, in which
In Fig. 2a (left panel), we plof;(®,T) at a delay of 25 Cp >> C,, whereC;, andC,, are the phonon and magnon
ps as a function o for different valuesI’. The values of contributions, respectively. However, it is a natural @ns
T, were determined by compariny© x (t = 25ps), with the ~ quence of the reversal in the ordering of the Curie and De-
calibration dataP i (T'). The result of shifting the curves to bye temperatureTf) in the two classes of materials, that is
achieve the best collapse to a single curve is shown in Fig. 20 < Te in SRO wheread:. > Tp in the elemental 3d-
The data are seen to exhibit the scaling property expected fdransition metal ferromagnets.
the local heating model; the magnitude of the shifts alomg th  From the preceding analysis, we conclude that the measure-
® axis for different cryostat temperatures (shown by the arment of A© i (7', t) provides a direct probe @ (T, t) in SRO
rows in Fig. 2b) is consistent with the functional temperatu thin films. In the following we explore the dynamicsffas a

whereU (T) is the internal energy. To exhibit the scaling re-
lation, we expres§; in terms of the inverse df (7'),
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FIG. 3: (a) Semi-log plot of\© k (¢) for 10, 30, 50, 125, and 200 nm
samples (fastest to slowest decay) (b) Decay times vs. film thickne
at 5 K (c) Decay times vs. temperature for 5, 50, and 200 nm sampl

function of time delay, substrate temperature, and filmkthic

ness. In Fig. 3a we plah©k(t) for 10 ps< ¢t <500 ps,

measured at 10 K, for films of different thickness in the rangé

from 10-200 nm. The laser power is lowered so th&@ x is

directly proportional ta\AT;(t), the difference between the in-
stantaneous local temperature and the substrate tem;mratun
We find thatAT,;(¢) decays exponentially, with a time con-

stant,r, that increases with sample thickness Fig. 3b is
a plot of 7 as a function ofZ, showing that forL,. > 25 nm,

T ~ oL + 70 ps, whererr ~ 2.7 ps/nm. Exponential decay
with a 7 that increases linearly with thickness indicates that

3

which the specific heat is dominated by magnons rather than
phonons. For a phonon-reflection TBR in this limit{T")
should vary as”,,,(T')/C,(T'), which is approximately pro-
portional to7'—3/2. Instead, as seen in Fig. 3cis essentially
independent of", except for the thinnest film.

The lack of dependence efon T suggests that the bound-
ary resistance is not simply proportional(ﬂ;g1 as expected
for a phonon-reflection TBR, but is somehow related to
Cn(T). Atfirst glance, this seems unlikely, because magnons
are confined to the magnetic film and cannot penetrate into the
STO substrate. This argument fails to consider the cruadal f
that for heat to leave the SRO film, the energy stored in the
magnon DOF must flow to the phonon DOF. For steady-state
heat flows, it has been suggestetf that disequilibrium be-
tween phonons and a confined DOF creates a mechanism for
TBR different from the conventional phonon impedance mis-
match picture. SRO/STO is an ideal testing ground this new
mechanism because the fraction of thermal energy stored in
the confined DOF is far larger than in the case of the metal

j@m/dieleetric interface.

Analysis of the flow of energy among electrons, phonons,
and magnons requires a three-temperature model (5TM)
The 3TM assumes that each DOF is internally equilibrated
SO a temperature can be associated with each "fluid.” We as-
ume one-dimensional heat diffusion because the diameter o
the excited region on the sample\sh0 m, much larger than
both the optical penetration depth (37 nm) and the film thick-
ess. Within the 3TM, the differential equation governihg t
electron temperaturg., for example, is:

ot

K
© 0z

T,
C@af&(

) —GepATlep — Gemn AT, +S. (3)

the interface between the substrate and the SRO acts as béfere » is the normal coordinate;. is the electron thermal

tleneck that limits heat flow out of the film. In this case the conductivity, andS(z, t) represents heat input from the laser.
decay ofAT; is exponential withr = RC'L, whereR is the
thermal boundary resistance (TBR).

In Fig. 3c we plotr/ L, (equal to theRC product) as a func-

Gep (Gem) governs the rate of heat flow from the electron to
the phonon (magnon) DOF am¥l[",, (AT,,,) is the electron-
phonon (magnon) temperature difference. Permutationeof th

tion of temperature for films of thickness 5, 50, and 200 nmsubscripts generates equations for the time-evolutiorhef t
For the thickest film, thé&2C product is almost independent of phonon and spin temperaturés,andT,,, respectively.

T from 10-75 K, indicating thaR « 1/C over a broad range

range of temperature. For the thinner samtés increases
with decreasing” below about 50 K.
The TBR phenomenon is well-known for dielectric and tions, we have found that a 2TM model is sufficient to cap-
metallic films on insulating substrates. In these systemR TB ture the essential physics. We have verified that a 2TM that
is understood to result from the scattering or specularaefle combines the electron and magnon DOF as a single confined
tion of phonons incident on the interf&dd. This mechanism DOF, with thermal conductivity;, = k., + k., specific heat
implies thatR « (|t|*C,) 1, t is the transmission coefficient C, = C,, + C., and confined fluid temperatufe reproduces
for phonons at the interface. The transmission coefficient the full 3TM simulation. We note for SRO in the range 10
is determined by the densities of states in the film and th&< 7' <70 K thats, ~ . andC, ~ C,,. For all calcu-
substrate, and is generally independent of temperature. THations we have assumed that phonon thermal conductivity in
temperature dependence of the RC product for the phononhe substrate is much larger than in the film, which enforces
reflection mechanism scales @9C,, where C is the total
specific heat of the film. For most materiglsis dominated
by phonons, in which cas€, cancels from the?C' product.

Thusr essentially independent @fis predicted, in agreement

with many experimental observations.
As we have shown above, SRO exemplifies a system itustrating the two dynamical regimes that we observe. In the

To develop a picture of the heat flow dynamics, we have
used a Dufort-Frankel finite-difference schéme integrate
the 3TM equations. In the course of analyzing the 3TM equa-

AT, ~ 0 at the film/substrate interface. Furthermore, we as-
sume no heat flow from the surface of the film to vacuum,
corresponding the boundary condition tisf™'(z) vanishes
asz — 0.

In Figure 4 we plotl,(z) andT),(z) at fixed time delay, il-
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10 in the C. >> C, regime. While the linear dependencerof
on L indicates the existence of TBR, Eq. 4 is derived from a
0.8+ model that assumes perfect phonon transmission at the inter
face. TheeffectiveTBR seen here is the same as predicted to
061 arise from disequilibrium between free and confined DOF'’s,
for steady-state heat fldw'% It is somewhat surprising to
—T (@ see the same effect in time-dependent heat flow, where it has
0.4} '
C(a) been argued that two-fluid disequilibrium does not influence
Tp the rate of cooling wheti> 7.,. However, our analysis shows
T (b) T (b) that the presence of the interface leads to persistencsef di
c ' p quilibrium on the much longer time scate,(L/¢).
0o, 0 20 30 40 50 80 Next, we consider the dependencerofn L and T in
the light of the discussion above. To compare the measured
Sample Depth [nm] 7(L) with Eq. 4, we assume that the effective phonon mean-

_ ) ) free path,l, is given approximately by the relatidg1 =
FIG. 4: Temperature profiles for confined fluid and phonons for (a),_ 1 . .

C. < Cypandke < rp. (b) Co > C, andre > rp. The tempera- o + L7, Wherelpq is the mean-frge path in the qpsence
ture profile near the surface & 0) is dominated by the phonons in  Of interfaces. Substituting the effective thermal conilifyt
(a), and by confined fluid in (b). The shapes of these profiles remaitfslp/lpo iNto Eq. 4 yields

constant throughout the decay. In both casgsin the substrate is

greater than that in the film.

T [a.u]

0.2+

T(L) = Ot(L + lpO) for L >> l;,,o (5)
_ 1/2

limit that C. << C,, the 2TM predicts thal,.(z) = T,(2) 7(L) = a(lpol) for L << Ipo, ©)

(blue line) throughout the film. The temperature of both #uid _ 1/2 . .

varies on a length scale determined by the film thickness. y/herea = (Ce/Gry) /2. The predicted linear to square root

the opposite limit(, >> C,, which we believe is applicable CTOSSOVer in the dependence ofon decreasingd. is fully

to SRO,T, (=) andT},(z) are equal and nearly constant exceptconslster_lt with the experimental data pres_ented in Fig. 3b.

near the interface, wherg, remains constant whild, ap- We identify the crossover value éf of approximately 15 nm

proached". In both regimesAT; decays exponentially with  With the phonon mean-free path at 5 K. To make further quan-
time, although the scaling efwith L is different in two cases, titative comparison with experlmept, we note that from the
as we explain more fully below. measured value=2.7 ps/nm and literature valug = 103

To understand these simulations, we note that the charady/m-K, we ob'galn_\/ Grp = 4 x 107 W/m?-K. To ob_tamG
teristic time for the two-fluids to reach quasiequilibrius i W€ N€€dk,, which is not easy to extract from experiments, as
given byr., = C.;;/G, whereC.;; = C,C,/C. On this they measure the total. Nevertheless, we can base an esti-

mate on the kinetic theory relation, = C,v,l,; substituting
l, = 15 nm,v, = 10° m/s, andC,, = 24 W/m?-K (based on
O©p =370 K yields x,, ~1.2x10~* W/m-K. This estimate,
in turn, yieldsG ~ 1.6 x 10*® W/m3-K, which is consistent

time-scale, thermal energy stored in the phonons propagate
distancel,, = 6(C./C)'/2. The length scalé = (x,/G)'/?
is the disequilibrium length identified previoush%. When
C. << C,, we haveL, << 4, and the temperatures of the " e . . A
two-fluids are locked together throughout the film. In the op-With equilibration rates seen in other magnetic matetitss

posite regime, where most of the energy is stored in the con-, Finally, we return to our original motivation for consideg
fined DOF.L. — § disequilibrium effects, the weak temperature dependefce o
p .

While our simulations indicate that the decay/sf} with for thick films. Above we have shown that in the thick film

time is exponential in both regimes, we find different saglin 'IMit
with L; 7 < L? when the phonons dominate the specific heat,
whereas « L when the magnons dominate. The contrasting
spatial profile off}, is the key to the different scaling. When
C. << Cp, 7 =~ L*/D,, whereD is the thermal diffusivity.
In the opposite limit the phonon heat currehtis approxi-

/L =~ (Ce/Ch/?)(Gusly) V2. (7)

According to this formula, there is an accidental cancela-
tion of the stronglyI’-dependent terms; tHE*/2 dependence
. _ of the magnon specific heat cancels the square root dfthe
mately ri, T,(0)/6 (wherers, is the phonon thermal conduc dependence of the phonon specific heat. The residual weak

tivity) within a lengthé from the interface and is essentially - . . .
zero elsewhere. The thermal time constant is governed by th[jé dependence of /L (see Fig. 3c) is associated with the

. : . . erm (Gu,l,) ~'/2. For thin films, the increase iy (T') with
relationT = Q/Q, where( is thermal energy per unit area. Ay :
L . d toff at L and below thisT’, 7/L b
Substituting®) — J andQ — C, LT, (0) we obtain, ecreasing’ is cutoff at L and below thisT’, /L becomes

simply proportional toG—'/2. Again referring to Fig. 3c,
and focusing on the 5 nm sample, we associate the change in
Lo . @ slope at 50K with the crossover betwdegn > L andl,, < L
ke JOR. regimes.

? v To summarize, we have used TRMOKE to time-resolve the
Eq. 4 is the key result that emerges from the 2TM modelocal T in thin films of the ferromagnet SRO. The scaling of
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